Abstract Eurasian teal Anas crecca (n=46,581) were inspected during ringing operations for the presence of the hymenolepidid cloacal cestode Cloacotaenia megalops between 1954 and 1971 while wintering in the Camargue, Southern France. These birds become infected when ingesting seed shrimps (Ostracoda) that act as intermediate hosts, largely while on migration across Western Europe. The prevalence ranged from 4% to 14% per year and increased significantly over time. This long-term trend was further supported by studying 366 teal shot in 2006-2008, for which prevalence of C. megalops was 27.6%. We found no evidence to suggest that this increase in prevalence has been caused by an increase in temperature, but eutrophication and an increase in duck densities are potential contributing factors. Adult teal were more likely to be infected than first-year birds and females more so than males, probably due to differences in diet and/or habitat use. Within a given age−sex class, heavier birds were more infected than lighter ones, suggesting low pathogenicity and a causal effect of ingestion rate. Within a year, the highest prevalence was observed in mid-winter.
Introduction
There has been a growing interest in understanding the dynamics of parasites in ecosystems (Thomas et al. 2005 ). In the past century, human activities have resulted in substantial large-scale habitat and climate modifications, which influence the ecology and evolution of parasites (Lebarbenchon et al. 2008) . Major consequences of anthropogenic global change include widespread increases in average temperatures (IPCC 2007) and eutrophication of water bodies (Smith et al. 1999; Savage et al. 2010) . Recent studies show sensitivity of parasites and vectors to climate factors (Harvell et al. 2002) and to nutrient loads ). The effects of parasites on wild host populations may therefore experience similar changes driven by climate or eutrophication (Lebarbenchon et al. 2008) . Trophically transmitted parasites may be particularly sensitive to global change, as effects on intermediate hosts may escalate in final hosts, and vice versa.
Parasitic helminths are abundant and diverse in vertebrates, often using invertebrates as intermediate hosts in their life cycles. There are, however, few studies on long-term dynamics of helminth infections in mammals (Théron et al. 1992; Valtonen et al. 2004) or birds (Redpath et al. 2006) . Internal parasites are generally invisible without necropsy, and the need to study dead individuals greatly limits sample size. Thus, we currently have limited understanding of the determinants of helminth parasite loads in wild populations of birds or other vertebrates.
Because it occupies the cloaca, the cestode Cloacotaenia megalops (Nitzsch in Creplin 1829) Wolffhügel 1938 (syns. Hymenolepis megalops, Orlovilepis megalops) can be easily observed in live waterfowl (Anseriformes: ducks, geese, and swans) by opening the cloaca and pressing on the surrounding parts of the abdomen with both thumbs (Haukos and Neaville 2003) , a technique also used to observe genitalia so as to sex and age waterfowl (e.g., Ogilvie 1978) . With a scolex diameter of 1.3 mm and a body length of 16-30 mm (Spasskaya 1966), C. megalops can be easily detected in situ. It cannot be confused with other parasite species (no staining is needed for identification due to the peculiar external morphology of this species). This facilitates the collection of prevalence data from large numbers of birds during ringing operations. Cloacotaenia megalops has a complex life cycle, with various seed shrimpos (Ostracoda) as intermediate hosts, including the cosmopolitan Heterocypris incongruens, Eucypris inflata, and Cypris pubera (Jarecka 1958; Kotecki 1970; Tolkacheva 1975; Bisset 1976; Gvozdev and Maksimova 1978; Dobrokhotova 1981 Dobrokhotova , 1985 and many waterfowl species as final hosts (Spasskaya 1966; Maksimova 1989) . Cloacotaenia megalops is present in Anas dabbling ducks throughout the annual cycle and is infective on both breeding and wintering grounds (Shaw and Kocan 1980; Canaris et al. 1981; Fedynich and Pence 1994) .
In this paper, we consider the prevalence of C. megalops in Eurasian teal Anas crecca trapped for ringing in the Camargue (Southern France). Using historical data from 17 different wintering seasons from 1954 to 1971 and recent data from 2006 to 2008, we test the following hypotheses: (1) that C. megalops prevalence has changed over time; (2) that prevalence varies with the age, sex, and structural size of teal owing to the influence of these parameters on the ingestion rate of ostracods (e.g., female ducks generally consume more invertebrates than males, Krapu and Reinecke 1992) ; (3) that prevalence is negatively correlated with body mass, owing to pathogenic effects of C. megalops; and (4) that prevalence changes during the course of a given wintering season, owing to seasonal changes in temperature, duck diet, and ostracod abundance. We discuss the implications of the results for our understanding of the ecology and pathogenicity of C. megalops.
Materials and methods

Study area and catching methods
Teal were caught in the Camargue, at the Research Centre of Tour du Valat (43°30′28 N, 04°40′07 E) between 1st August and 30th April of wintering seasons 1954-1955 to 1970-1971 using standard funnel traps concealed in vegetation (Bub 1991 p. 103) . Ducks were sexed and aged (first-year or adult) using plumage criteria and inspection of the cloaca and bursa of Fabricius. The presence or absence of C. megalops was noted upon cloaca examination. Because most infected teal had only one or two cestodes (see results), we analyzed data on the basis of presence or absence of the parasite (i.e., prevalence, see Bush et al. 1997 ), rather than numbers (i.e., intensity or mean abundance). Only 0.7% of infected birds carried five or more worms. A total of 46,581 teals were sexed, aged, measured (wing length), weighed, and had their parasite status (number of C. megalops) recorded.
Teal have also been ringed in recent years, but plumage variation is now used to age birds without cloacal inspection (Carney 1992) . However, we obtained 366 hunter-killed teal shot in seven hunting estates in the Camargue in the winters of 2006-2007 (n=183) and 2007-2008 (n=183) for a study of gut contents (Brochet et al. 2010) . We counted the number of C. megalops present in the cloaca of each bird after dissection. Cloacotaenia megalops is a large, conspicuous species found only in the cloaca, and is readily observed both by visual cloacal inspection in vivo or upon dissection (see "Introduction" section), making these two methods directly comparable. The presence of C. megalops is not an indicator of the presence or absence of other internal cestodes.
Temperature data
In order to analyze the relationship between cestode prevalence and temperature variation for the 1954-1971 data set, we first obtained temperature data from the Camargue from the Centre de Recherche de la Tour du Valat. Given that we had prevalence data for many months, and taking into account the development time of C. megalops (see "Discussion" section), we used mean temperatures (i.e., mean of daily means) for the August to February period inclusive. We then obtained temperature data from two parts of Europe of particular importance for teal on autumn migration towards the Camargue: Denmark and Hungary (Scott and Rose 1996) . Data from Copenhagen and Budapest were downloaded from the CISL Research Data Archive (http://dss.ucar.edu/). We calculated mean temperatures from August to December inclusive, to cover the entire autumn migration period.
Statistical analyses
We used multiple logistic regression (Sokal and Rohlf 1995) to model the probability that a bird had at least one C. megalops as a function of sex, age, Julian date, the winter of examination (from 1954-1955 to 1970-1971) considered as a factor, body mass, and wing length. Day was included as a second-order polynomial so as to allow for potential non-linear patterns across the wintering season. To reduce colinearity between day and day 2 (Legendre and Legendre 1998), the first of January was considered as day 0, days from August to December being considered as negative values. The interaction body mass * wing length was also included, as well as the interactions between these morphometric variables and age or sex (e.g., wing length * age, body mass * sex, etc.), the interaction sex * age (so as to consider potentially different patterns between the different sex and age classes), and the interaction age * day (because seasonal trends of infection may differ between age classes).
A backwards stepwise model selection procedure was first used: from the most complete model, non-significant terms at P=0.05 were gradually removed, starting with interaction terms. Over-dispersion was unlikely given the presence/absence structure of the data and the nature of significant effects was unchanged when we controlled for over-dispersion (results not shown). The extent to which our final model fitted the data was assessed by the ratio of the residual deviance to the number of degrees of freedom (the ideal ratio being one, Crawley 1993) . To test the robustness of our results, the same procedure was then repeated using a forward stepwise model selection procedure.
To establish whether there was a change in prevalence over time, we carried out a Pearson correlation between winter (continuous variable in chronological order) and the prevalence of cestodes as indicated by the estimates in our model (i.e., while controlling for sex, age, date, etc.). In order to test the influence of temperature, we calculated correlation coefficients for the relationship between prevalence in a given year and mean temperatures in the Camargue and at Copenhagen or Budapest, and determined the partial effects of temperature while controlling for winter in a multiple regression. All analyses were carried out with Statistica 6.0 (StatSoft 2001). Confidence intervals (95%) for proportions were calculated after the Wilson score method without continuity correction (Newcombe 1998).
Results
Cestode prevalence from 1954 to 1971
The overall prevalence of C. megalops for teal inspected between 1954 and 1971 was 9.2%, ranging from 4% to 14% in a given year (Fig. 1) . Most infected individuals carried only one (78%) or two (17%) cestodes. Adults were more likely to be infected than first-year birds and females were more so than males, the difference between sexes being more pronounced in adults (mean prevalence and limits of 95% confidence intervals: adult females 16.38% (15.38-17.43); adult males 10.30% (9.71-10.92); first year females 8.25% (7.84-8.67); first year males 7.10% (6.70-7.52)).
The final model of the stepwise backwards selection procedure for prevalence retained sex, age, sex * age, year, body mass, and day and day squared, which all had significant contributions in predicting the probability that a teal was infected by C. megalops (Table 1 ). The complete model including all explanatory variables above provided a good fit to the data, since deviance was equal to 27,653.6, while the number of degrees of freedom was 46,558 (a ratio of 0.59). The final model after forward stepwise selection contained exactly the same list of variables. Heavier birds were more likely to carry cestodes than lighter ones (Table 1 ). The prevalence of cestodes differed between years, increasing as the years progressed (Fig. 1) , with a significant positive correlation between winter in chronological order and the estimate for prevalence in our model (r=0.62, P=0.008, n=17). There was positive serial correlation of residuals (r=0.50, P=0.04, Durbin−Watson d=0.83); hence, the analysis was repeated using only every second year. There remained a relationship between winter and estimated prevalence (r=0.72, P=0.028, n=9), without evidence of serial correlation of residuals (r=0.22, P>0.7, d=1.79). Within a year, the model estimates for day and day 2 indicated that the highest prevalence was in midwinter in December and early January (see also Fig. 2) .
We found no evidence to suggest that temperature change was related to this increase in prevalence, with no evidence of a temperature increase in the Camargue, Copenhagen, or Budapest over this period (r<0.02, P>0.9). Pearson correlation coefficients between prevalence and temperature were very low (range −0.052-0.114, P>0.6). Partial effects of temperature in a multiple regression controlling for winter were very weak (P>0.5).
Recent data from hunter-killed birds
The overall prevalence of C. megalops for teal shot in the winters of 2006-2007 or 2007-2008 was 28.4% and 26.8%, respectively. This was much higher than the prevalence recorded in any winter between 1954 and 1971 ( Fig. 1 , twotailed two-sample t test, t=7.23, df=17, P<0.0001).
Discussion
Owing to the large size of our dataset, our study provides a detailed understanding of the factors determining the prevalence of a trophically transmitted cestode parasite. Teal are long-distance migrants with a broad wintering range including the Camargue and other parts of the Mediterranean region, and a broad breeding range in northern Eurasia (Kear 2005) . They are omnivorous and consume ostracods throughout the year (Olney 1963; Danell and Sjöberg 1980; Gaston 1992) . Cloacotaenia megalops can therefore infest teal at any stage of the annual cycle (see also Shaw and Kocan 1980; Canaris et al. 1981; Fedynich and Pence 1994) . Although the lifespan of C. megalops is unknown, its development (from infestation to the beginning of oviproduction) in mallards Anas platyrhynchos takes 6 weeks (Kotecki 1970) . Given their rapid migrations (Lebarbenchon et al. 2009 ), the prevalence for teals wintering in the Camargue is a result of infestation events that may have occurred across Western Europe. Thus, the long-term trend probably reflects changes in host−parasite dynamics averaged out over a huge area. At a local scale, such dynamics may be much more variable, with a less discernable trend between years. The complete model included sex, age, sex * age, year, body mass, wing length, sex * body mass, sex * wing length, age * body mass, age * wing length, body mass * wing length, day, and day Given its low pathogenicity and considerable development time, teal must often excrete C. megalops eggs a long distance from the point of infection, making them excellent vectors for parasite dispersal (Lebarbenchon et al. 2009 ).
We found a long-term increase in the prevalence of C. megalops in Camargue teal before the 1970s, which was supported by the even higher values recorded 35 years later. Although the methods used in the two time periods (cloacal inspection of live birds before the 1970s, dissection in the 2000s) should ideally be compared in the same birds, the results are consistent for the two periods. Furthermore, Haukos and Neaville (2003) noted a steady increase in the prevalence of C. megalops in Anas dabbling ducks wintering in Texas between 1986 and 2000, suggesting widespread increases in C. megalops infections in migratory waterfowl. As the area of habitat available for wintering ducks has decreased due to wetland loss, waterfowl have often become more concentrated in limited areas, promoting transmission of cestodes and other diseases (Shaw and Kocan 1980; Lebarbenchon et al. 2007) . A generalized increase since the 1950s in the density of teal during migration and winter in Western Europe is a possibility, given that wetland loss has been widespread, whereas teal numbers appear to have been roughly stable in the Mediterranean flyway, and have been increasing in North-Western Europe (Delany and Scott 2006) . Furthermore, C. megalops infects other duck species, so the dynamics of infections in teal are also likely to be affected by changes in densities of other ducks. Long-term trends in the Camargue and across Europe vary between duck species (Delany and Scott 2006; Isenmann 2004) .
During experiments, the time lag between infection of ostracods by C. megalops and the development of cysticercoids (larval stage able to infest ducks) in them was 12-18 days (Jarecka 1958; Kotecki 1970) . However, studies of other hymenolepidid cestodes show that development time is temperature-dependent (Bondarenko and Kontrimavichus 2006) . Ambient temperatures have increased across the range of the teal since 1970 owing to climate change (IPCC 2007) . However, we found no evidence that the increased prevalence of C. megalops in ducks over time reflects an accelerated rate of parasite circulation due to increased temperature, and temperatures did not increase between 1954 and 1971 (see also Devictor et al. 2008) .
Ostracods themselves are sensitive to environmental change (Ruiz et al. 2005) . Eutrophication is another potential cause of the long-term increase in C. megalops prevalence, has led to a gradual decrease in water quality across Europe since 1950 (Smith et al. 1999; Savage et al. 2010) , and has caused an increase in prevalence of trematodes that cause malformations in amphibians . Heterocypris incongruens appears to be the most important intermediate host for the circulation of C. megalops (Kotecki 1970; Tolkacheva 1975; Bisset 1976; Dobrokhotova 1981 Dobrokhotova , 1985 and is a good indicator for eutrophication (Külköylüoğlu 2004) . Other major changes in the Camargue include an increasingly artificial management of hunting estates, leading to drastic changes in hydrology and decreased overall salinity of wetlands (Tamisier and Grillas 1994) that may somehow have increased circulation of C. megalops, e.g., by benefiting ostracods.
Cestode fauna in avian hosts is directly related to the type of food ingested (Drobney et al. 1983) . The prevalence of helminths is often greater in adult female waterfowl and in first-year birds because of a greater amount of invertebrates in their diet (Drobney et al. 1983; Krapu and Reinecke 1992; Haukos and Neaville 2003) . We also found adult female teal to have the highest prevalence and first-year males to have the lowest. In teal wintering in Texas, Haukos and Neaville (2003) found different results from ours, with adult males having significantly lower C. megalops prevalence than adult females (as in our study), but also than first-year birds of either sex, with no significant differences between the other three age−sex classes. Although differences in diet between study areas may explain such inconsistencies, differences in prevalence with age or sex may also be related to differences in habitat use at a local or flyway scale, and an increase in explorative movements and diversity of habitats used will tend to increase exposure to parasites (Gray et al. 1989; Figuerola and Green 2000) .
Although C. megalops may occasionally be the cause of death in waterfowl (Price 1985) , we recorded a positive correlation between teal body mass and prevalence. This is contrary to what would be expected if C. megalops had a marked pathogenic effect on teal, and suggests that this parasite generally has no detectable effect on host physical condition. Indeed, trophically transmitted parasites have evolved to decrease their pathology for the final host (Geraci and St. Aubin 1987) . Teal with a greater mass tend to be structurally larger and/or have greater fat reserves and so are likely to have consumed more food, including infected ostracods. Similarly, Gray et al. (1989) found the abundance of three helminth parasites to increase in mallards with a larger body size or with larger fat stores. On the other hand, body mass may potentially be confounded with individual differences in local dispersion distances at night (Guillemain et al. 2007) , which may in turn influence infection rates through the use of different habitat types.
Helminth infections are generally short-lived, such that decreased availability in winter of invertebrates acting as intermediate hosts leads to declines in helminth prevalence during the winter (Buscher 1965; Shaw and Kocan 1980; Dronen et al. 1994 ). Haukos and Neaville (2003) found the prevalence of C. megalops in teal to decrease from 33% in October to 25% in January, although this trend was not statistically significant. In other Anas species in North America, infections of C. megalops peaked in August (Buscher 1965) . We found the proportion of teal infected with C. megalops to peak around midwinter. There are two possible explanations for this. Firstly, teal may be most readily infected in early winter when ostracods remain abundant and active, but as temperatures drop in midwinter, the availability of ostracods decreases. The time lag required for the development of adult cestodes explains why the peak prevalence is in midwinter. Secondly, the phenology of C. megalops infection may be the product of differences in cestode prevalence between teal with different migration patterns. Teal ringed in midwinter tend to spend a longer time wintering in the Camargue, while those ringed in early and late winter are more likely to be migrating to and from sites further south (Caizergues et al., in preparation) . Thus, our results might reflect a higher prevalence of cestodes in teal wintering in the Camargue than in those wintering further south (e.g., if teal are more likely to feed on infected ostracods in the Camargue).
Clearly, detailed research on the dynamics of C. megalops in intermediate ostracod hosts is required before the dynamics of this cestode in teal can be fully understood. The dynamics of C. megalops in other European duck populations should also be studied to establish whether longterm increases in prevalence are widespread.
